Study Objectives: To evaluate leg movement activity during sleep (LMS) in normal school-age children and adolescents, to eventually establish age-specific periodic LMS (PLMS) index thresholds that support the diagnosis of restless legs syndrome (RLS), and to evaluate the utility of other LMS indices.
Introduction
Periodic leg movements during sleep (PLMS) have a role in the diagnosis of both pediatric restless legs syndrome (RLS) and periodic limb movement disorder [1] . The 3rd edition of the International Classification of Sleep Disorders [1] indicates that one of the diagnostic criteria for PLMD in children is a PLMS index of >5 per hour [1] . A PLMS index of >5 per hour is uncommon in pediatric normative samples but seems to be elevated in children with RLS and narcolepsy [2, 3] . Approximately 65% of children with RLS demonstrate PLMS >5 per hour on a single night [2] ; this figure might be higher if multiple nights are sampled [4] .
Data on PLMS in children are sparse, especially in pediatric RLS and narcolepsy. Although some evidence supports a PLMS index threshold of >5 per hour [5] , there are still significant considerations in children. PLMS show important changes during development, adolescence and into adulthood, in both controls [6, 7] and RLS patients [8] , suggesting that different age-specific thresholds might be needed in the pediatric population [5] [6] [7] [8] [9] . Normative data also vary between age groups and current evidence is also sparse and incongruent. While Pennestrì et al. [7] and Scholle et al. [6] have found that leg movement (LM) activity is higher in school-age children than in adolescents, Marcus et al. [5] reported that adolescents were more likely to be found with PLMS index of >5 per hour than school-age children.
Finally, data have shown a poor correlation between the PLMS index calculated following the preceding criteria [10] and the PLMS index obtained with the last WASM/IRLSSG criteria [11] [12] [13] . The latter more effectively includes only the periodic part of the sleep leg movement activity [12, 14] . This is particularly important in children in whom periodicity is low and PLMS are difficult to demonstrate [3, 8, 15] .
The aim of this study is to evaluate leg movement activity during sleep (LMS) in normal school-age children and adolescents, to eventually establish age-specific PLMS index thresholds that support the diagnosis of RLS and to evaluate the utility of other LMS indices. To assess this, we have studied three groups of children in each age category: normal controls, children with RLS, and children with narcolepsy.
Participants and Methods

Participants
For this study, we retrospectively recruited children and adolescents with RLS (46 participants), narcolepsy type 1 (NT1; 44 participants), and normal controls (61 participants), who participated in studies previously published by our groups or from the clinical databases of the participating centers. Thirteen out of the 46 participants with RLS also had ADHD [16, 17] while HLA-DQB1*06:02 typing was available and positive for 34 participants out of 44 with NT1, cerebrospinal hypocretin-1 levels were also available for 34 out of 44 participants with NT1 which all were abnormally low (mean 15.3, range 0-76.6 pg/mL). IRB approval was obtained, when needed, for the anonymous data transfer to the Sleep Research Centre of the Oasi Research Institute, where all recordings were processed, as detailed below.
Control participants included children without sleep problems, physical, neurological, or psychiatric disorders. Participants with RLS were diagnosed according to the International RLS Study Group diagnostic criteria [18, 19] by means of a semistructured clinical interview and a careful exclusion of RLS mimics. Participants diagnosed with NT1 underwent nocturnal polysomnography (PSG) followed by a 5-nap opportunity multiple sleep latency test (MSLT) . All met the International Classification of Sleep Disorders (ICSD-3) criteria for NT1 (at least two sleep-onset REM sleep episodes, cataplexy, and sleep latency of ≤8 min) [1] .
Exclusion criteria included (1) a sleep disorder diagnosis (other than NT1 or RLS); (2) psychiatric diagnosis; (3) neurodevelopmental delay; and (4) use of central nervous system drugs within the year prior to the study or use of any drug or medication for 3 weeks before the polysomnographic recording.
The study was approved by the Oasi Research Institute ethics committee.
Polysomnographic recording and scoring
A full-night PSG recording was obtained for each participant, which included electroencephalogram (at least three channels, one frontal, one central, and one occipital, referred to the contralateral earlobe); electrooculogram (two channels), electromyogram (EMG) of the submentalis muscle and of the both tibialis anterior muscles, and electrocardiogram (one derivation). EMG signals were band-pass filtered at 10−100 Hz, with a notch filter at 50 Hz. At the beginning of each recording session, the amplitude of the EMG signal from the two tibialis anterior muscles was assured to be below 2 µV at rest.
Sleep stages were visually scored on 30 s epochs [20] and all leg movements during sleep were identified following standard criteria (see Ref. 11 for a more detailed description of each parameter reported below), with the subsequent calculation of a series of parameters including the following:
1.
total LMS (TLMS) index, n per hour; 2.
PLMS index, n per hour, LMS included in regular and noninterrupted sequences of at least four with onset-to-onset intermovement interval (IMI) 10-90 s; 3.
short-interval LMS (SILMS) index, n per hour, LMS with preceding IMI < 10 s; 4.
isolated LMS (ISOLMS) index, n per hour, LMS with IMI > 90 s and LMS with IMI 10-90 s not meeting all the criteria for PLMS; 5.
bilateral PLMS index, n per hour, PLMS formed by two to four monolateral LMS from the two legs overlapping each other within 0.5 s windows with a combined total duration of <15 s; 6.
periodicity index, PLMS/TLMS ratio; 7. PLMS duration, s; 8. SILMS duration, s; 9.
ISOLMS duration, s; 10. PLMS index in REM sleep, n per hour; and 11. PLMS index in NREM sleep, n per hour.
All sleep leg movement onset-to-onset IMI, from each recording, were counted, in each participant, for 2 s classes (0.5 < IMI ≤ 2, 2 < IMI ≤ 4, 4 < IMI ≤6, . . ., 98 < IMI ≤ 100) and group grand averages were obtained, which were used for statistical analysis. Finally, hourly night distribution histograms of the number of TLMS, PLMS, ISOLMS, and SILMS, during the first 8 recording hours, were obtained for each group of participants.
Statistical analysis
Descriptive statistics were used, followed by between-group comparisons by means of the Student's t test and one-way analysis of variance (ANOVA) with post hoc comparisons carried out with the Tukey honest significance test (HSD) test. Also, Bonferroni correction for multiple comparisons was used, when appropriate. The accuracy of the TLMS index and of the PLMS index for the separation of participants with RLS from normal controls was assessed by means of the calculation of specificity and sensitivity for different levels of TLMS index and PLMS index and plotting them together to find their best combinations. In addition, the area under the curve (AUC) of the corresponding receiver operating characteristic (ROC) curves was calculated. Finally, the linear regression lines of the mean hourly 
Results
Each group of patients and normal controls was subdivided into two groups, based on the age of the participants: schoolage (5-12 years) and adolescents (13-18 years). Table 1 shows the demographic data for all participants. Age and gender were not significantly different between the three groups. Table 2 reports the comparison between the sleep staging parameters found in school-age and adolescent controls, patients with RLS and patients with NT1. In school-age children, most parameters (with the exclusion of sleep efficiency and percentage of W, N3, and R) were significantly different, essentially because of the difference between NT1 children and the other two groups (they were longer in bed, slept longer, had a shorter sleep latency and R stage latency, had more stage shifts, awakenings and increased stage N1 percentage, as well as decreased stage N2 percentage). Similar results (with slightly less numerous statistically significant differences) were obtained for adolescents; however, in this age group, differences between RLS and controls were also noticed, such as a longer stage R latency and increased number of stage shifts and awakenings.
The comparison between the sleep LM activity parameters found in school-age and adolescent controls and patients with RLS and NT1 is reported in Table 3 . In school-age children, all LMS parameters (except durations) were significantly different at the ANOVA. The post hoc comparisons confirmed that, for all parameters significant at the ANOVA, the highest values were observed in patients with NT1 and the lowest in normal controls, with patients with RLS showing intermediate values. Only the periodicity index, even if lower in RLS than in participants with NT1, was not significantly different between these two groups. In the post hoc comparison between normal controls and participants with RLS, only ISOLMS index reached a marginal statistical significance, being higher in the latter group. Also in adolescents, all LMS parameters (except durations) were significantly different at the ANOVA; however, in this case, no significant differences emerged between participants with RLS and NT1 at the post hoc analysis, essentially because of a decrease of all parameters in the NT1 group, with respect to those found in the school-age group, while the same parameters remained essentially stable in children with RLS. Moreover, in this comparison, significant differences emerged also between normal controls and RLS patients, involving TLMS index, PLMS index, ISOLMS index, Periodicity index, and PLMS index in NREM sleep, which were all higher in adolescents with RLS. The top panel of Figure 1 displays the comparison between the distribution of IMI between the onset of each LMS found in school-age controls and patients with RLS and NT1, whereas the bottom panel shows the same analysis performed in adolescent controls and patients with RLS and NT1. In school-age children, all groups show a similar distribution of IMI with a single main peak at IMI 2-4 s and then a gradual decrease towards minimal values. However, a clear difference was evident in the amount of LMS at each IMI class, reaching statistical significance for most classes and with the graph of participants with NT1 always slightly higher than that of RLS children; both patient group histograms were much higher than that of controls along the entire graph. In adolescents, histogram were statistically significantly different in only few points of the graphs (with our conservative approach), but it is possible to notice that the difference between participants with NT1 and normal controls was still present, up to IMI classes < 10 s, similar even if attenuated to that observed for school-age children, but there was only a small difference between participants with RLS and normal controls. Moreover, only RLS adolescents presented a second peak encompassing IMI classes approximately 10-50 s, which was absent in both NT1 adolescents and normal controls of the same age group. Figure 2 reports the comparison among TLMS index, PLMS index, SILMS index, and ISOLMS index observed at school-age and adolescence, in the three groups of participants. All indexes showed a nonsignificant trend to decrease from school-age children to adolescents in normal controls, whereas in participants with RLS only PLMS index showed a nonsignificant trend to increase. In participants with NT1, both TLMS index and PLMS index were significantly lower in adolescents than in school-age children while the trend to decrease observed also for SILMS index and ISOLMS index did not reach statistical significance. Figure 3 shows the night distribution, during the first 8 recording hours, of TLMS, PLMS, ISOLMS, and SILMS number observed at school-age and adolescence in controls and patients with RLS and NT1. In school-age controls, none of the regression lines modeling the nighttime trend of each LMS category was found to be statistically significant; on the contrary, in schoolage children with RLS, TLMS, PLMS, and SILMS showed a clear trend to decrease that reached statistical significance for both PLMS and SILMS. Differently from participants with RLS, schoolage children with NT1, showed TLMS, ISOLMS, and SILMS with a nonsignificant tendency to increase through the night, whereas PLMS had a significant decrease from the first to the last hour of the night. When control adolescents were considered, only PLMS showed a significant decrease through the night; this was also true and more evident in adolescents with RLS but was not observed in adolescents with NT1. In the latter group, on the contrary, a significant increase through the night was found for TLMS and ISOLMS.
Finally, Figure 4 shows the analysis of the diagnostic accuracy of SILMS index, TLMS index, and PLMS index in differentiating participants with RLS from normal controls. Sensitivity and specificity were calculated for increasing cut-off values and plotted together; the intersection of the two lines in each panel of Figure 4 indicates the cut-off value with the best combination of sensitivity and specificity for the discrimination between the two groups.
This analysis indicated that a cut-off of 2 was the best for the PLMS index in both school-age (sensitivity = 59.3%, specificity = 75.0%, accuracy = 70.0%, ROC curve AUC = 0.671) and adolescent (sensitivity = 68.4%, specificity = 72.4%, accuracy = 70.8%, ROC curve AUC = 0.704) groups. However, also 21 out of 25 schoolage participants with NT1 had PLMS index of >2 per hour (accuracy 63.2%) and 12 out of the 19 adolescents with NT1 (accuracy 68.8%). Moreover, a cut-off value of 2.5 was found to be the best for SILMS index in school-age children (sensitivity = 60.5%, specificity = 81.0%, accuracy = 67.8%, ROC curve AUC = 0.707) and a cut-off value of 3.5 for adolescents (sensitivity = 58.3%, specificity = 79.2%, accuracy = 68.8%, ROC curve AUC = 0.6.88). Also 22 out of 25 school-age participants with NT1 had SILMS index of >2.5 per hour (accuracy 68.4%), and 14 out of the 19 adolescents with NT1 had SILMS index of >3.5 per hour (accuracy 68.8%). Finally, a cut-off value of 15 was found to be the best for TLMS index in both school-age children (sensitivity = 63.0%, specificity = 59.4%, accuracy = 61.0%, ROC curve AUC = 0.612) and adolescents (sensitivity = 73.7%, specificity = 69.0%, accuracy = 70.8%, ROC curve AUC = 0.713). Again, also 23 out of 25 school-age participants with NT1 had TLMS index of >15 per hour (accuracy 61.4%) and 16 out of the 19 NT1 adolescents (accuracy 64.6%).
Discussion
Despite their importance and usefulness in the clinical evaluation of patients with excessive motor activity during sleep, characterization of LMS in children has received little attention and studies attempting to provide normative values for their quantification are sparse [5] [6] [7] . In addition, studies identifying PLMS in children in the recent years have been published in the midst of evolving scoring criteria [10, [20] [21] [22] [23] so that a normative reference obtained with the most recent and updated scoring rules [11] does not exist. In this study, for the first time, we have followed the last WASM/IRLSSG criteria [11] , which establish a clear distinction among at least three classes of LMS: SILMS, PLMS, and ISOLMS.
Our study shows the features of these three LMS classes (with a particular attention to PLMS and TLMS) in healthy children, children with RLS, and children with narcolepsy. The main features studied included TLMS index, SILMS index, PLMS index, ISOLMS index, periodicity index, IMI distribution, and time-ofnight distribution.
It should be noted that the clear distinction of LMS into SILMS, PLMS, and ISOLMS, carried out for the first time in children in this study, is in line not only with the most recent updated WASM/IRLSSG criteria [11] , but also allows us to appreciate the importance of SILMS in children. As demonstrated here, they are the prominent expression of LMS in all groups included. Recent studies in adults reported SILMS to show time structure different from that of PLMS [24] and to be accompanied by heart rate rises lasting significantly longer than those accompanying PLMS in patients with RLS [25] . More studies are needed to evaluate the clinical implication of SILMS in children.
The original main aim of this study was to establish age appropriate cutoffs to identify children with RLS. Based on the results obtained, we propose a PLMS cutoff index of 2 per hour and a TLMS index of 15 per hour in both school-age children and adolescents. As already indicated in earlier studies, PLMS are uncommon in children and when present, often indicate a co-morbidity, most commonly RLS [26] .
Even if previous normative data of PLMS in children with RLS are sparse, our suggestions seem to be in some agreement with Scholle et al. [6] who studied PLMS in healthy children across various age groups and reported that LMS and PLMS indices decreased with age up to the age of 18 years. This may represent a different pathophysiology from PLMS in adults, which have been shown to increase with age, likely secondary to an agerelated dysfunction in dopamine pathways [8, 27] . This finding is interesting as it may bring light to a different mechanism of LMS and PLMS in young children.
It appears important to note that in contrast to adults for whom a diagnostic accuracy of 86.5% was reported (with a PLMS index cut-off of 13 per hr) [13] , we found that the diagnostic accuracy of the same index in children and adolescents was only 70% and 70.8%, respectively. In addition, most participants with NT1 were found to have PLMS index above the cut-off value of 2 per hour. It should also be underlined here that no normative studies in the past have gone beyond the simple analysis of controls or controls plus a single clinical group. To the best of our knowledge, this is the first study showing that the relatively simple quantitative parameters describing LMS in children have a poor specificity for RLS. This can be explained by the high PLMS index found in other conditions, such as NT1 [3] . However, our study included the analysis of the timestructure of LMS that disclosed additional useful features. The IMI distribution graphs, besides the absolute levels showing a constant difference NT1 > RLS > controls, were very similar in shape in school-age children with a single early peak at 2-4 s, followed by a gradual decrease with increasing IMI. On the contrary, in the adolescent group with RLS, we saw the appearance of a smaller second peak ranging approximately between 10 and 50 s, and corresponding to the emergence at this age of PLMS (almost absent at earlier ages), in agreement with a previous study on a smaller number of patients [8] . This was not observed in patients with NT1 [3] nor in controls and points to a possible practical use of the single-patient graphs that would constitute a supportive information for the diagnosis of RLS during adolescence, when such a peak is evident. It seems useful to remind that only this peak corresponds to dopamineagonist or L-Dopa administration in patients with RLS [15, 28] , especially those acting at the level of the D3 dopamine receptor subtype [29] . Another supportive feature for the diagnosis of RLS in both groups (school-age and adolescents) seems to be offered by the analysis of the time-of-night distribution of TLMS and PLMS (but not of SILMS or ISOLMS). Both these categories of movements showed a clear trend to decrease through the night with PLMS achieving statistical significance.
Besides the above considerations pertaining to the main scope of this study, our data are interesting also for the understanding of the development of LMS during childhood and adolescence. As introduced above, there is no agreement in the literature about this point [5, 6] . Our data show that in normal controls, as well as in participants with RLS, there is a substantial stability of the amount of LMS from childhood to adolescence that led us to find the same cutoff for the PLMS index in both groups. However, also SILMS, ISOLMS, and TLMS did not vary significantly in these participants.
Interestingly, participants with NT1 had the highest levels of overall LMS activity, involving all classes (SILMS, PLMS, and ISOLMS); however, in this group, TLMS index decreased significantly from school-age children to adolescents, essentially because of the significant selective decrease of PLMS. This decrease is opposite to the trend of PLMS during this age range to remain low in controls [27] and to increase in RLS patients [8] . Thus, both adults and children with narcolepsy have increased PLMS index. Dauvilliers et al. [30] showed that the PLMS index was higher than controls, but particularly during REM sleep reflecting an impaired control of atonia during REM sleep in patients with narcolepsy. This may explain why the distribution of PLMS overnight differs from controls and from children with RLS, in both school age and adolescents with a statistical significant difference in adolescents. These findings were also described by Ferri et al. [31] and Plazzi et al. [32] who showed that PLMS in adult patients with narcolepsy with and without RLS showed a spread distribution across the night that differs from patients with RLS who show a distinct early predominance with a decline over time. The participants with NT1 included in this study did not report symptoms of RLS. It has already been reported, in adults, that RLS is present in about 15% of participants with narcolepsy and is often disregarded by the patients because of its secondary importance in terms of severity of symptoms [33] . We cannot, however, disregard the possible presence of participants with undiagnosed RLS within the schoolage NT1 patients; however, this can hardly explain the high level of PLMS in NT1 children because of their young age; even patients with RLS at this age do not present a particularly high number of PLMS, as also demonstrated in this same study and in a previous report [32] . Modifications in dopaminergic pathways already reported in NT1 (decreased metabolism of dopamine [34] , changes in the catechol-O-methyltransferase gene [35] , and altered striatal postsynaptic D2 receptors [36] ) might point at a possible early involvement of the dopamine system in the pathophysiology of motor symptoms in narcolepsy [30, 37] , taking into account that dopamine is a critical downstream mediator of hypocretin deficiency.
Finally, some limitations of our study should be acknowledged which include the following: (1) no data on iron status as it can affect leg movements, (2) caffeine drinking habits of participants were unknown, and (3) single night PSG not accounting for night-to-night variability. However, some strengths can also be indicated, involving the number of participants included in each group, the homogeneous diagnosis, the absence of comorbidities, the inclusion of participants with NT1 in addition to RLS and controls, the use of the most recent and detailed criteria for PLMS scoring [11] , and the inclusion of the analysis of the time structure of LMS [14] .
Conclusion
Taken all together, these data show that finding an increased PLMS index is not enough to support the diagnosis of RLS in children and adolescents because it is less sensitive than in adults (compared with controls) [13] and is very often found increased also in NT1 patients. The analysis of the IMI distribution (appearance of a peak in the 10-50 s in adolescents) and time-of-night distribution (significant decrease through the night) seems to provide additional important elements to support in a more specific way the diagnosis of RLS at this age.
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